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A hea t  t r a n s f e r  workshop h e l d  a t  Lewis i n  1980 h i g h l i g h t e d  t h e  need f o r  
more t r a n s i t i o n  research.  There fo re  i n  1981 we began a  new research  e f f o r t  t o  
b u i l d  a  boundary- layer t r a n s i t i o n  t u n n e l .  Th i s  f a c i l i t y  o n l y  r e c e n t l y  became 
o p e r a t i o n a l .  The da ta  ob ta ined  so f a r  a r e  mere ly  q u a l i t a t i v e .  The main goa l  
i s  t o  p r e d i c t  hea t  t r a n s f e r  g i ven  any combinat ion o f  f a c t o r s  such as p ressure  
g r a d i e n t ,  t u rbu lence  l e v e l ,  Reynolds number, o r  i n t e r m i t t e n c y  f a c t o r .  
The boundary- layer  t r a n s i t i o n  t unne l  ( f i g .  1) i s  a  c losed- loop t unne l  t h a t  
c o n t r o l s  t h e  t u rbu lence  l e v e l ,  v e l o c i t y ,  and temperature o f  t h e  a i r  w i t h i n  it. 
We may add t h e  a b i l i t y  t o  c o n t r o l  t h e  unsteadiness.  The l i d  o f  t h e  t e s t  sec- 
t i o n  i s  h inged and can be r a i s e d  o r  lowered t o  s e t  t h e  t e s t - s e c t i o n  p ressure  
g r a d i e n t .  The i n i t i a l  t e s t  su r f ace  i s  a d i a b a t i c ,  b u t  we a n t i c i p a t e  use o f  a  
heated o r  coo led  t e s t  su r f ace  f o r  i n v e s t i g a t i n g  t h e  e f f e c t s  o f  roughness o r  
even cu rva tu re .  The c i r c u i t  ( f i g .  2) c o n s i s t s  o f  a  blower,  a  f l o w - c o n d i t i o n i n g  
box, a  t e s t  sec t i on ,  a d i f f u s e r  sec t i on ,  a  damper va lve ,  and an a i r  hea te r .  
The r e t u r n  l e g  c o n s i s t s  o f  an a i r  f i l t e r  box and a  hea t  exchanger. The t u n n e l  
i s  e s s e n t i a l l y  a t  atmospher ic pressure,  s i nce  t h e  b lower  has a  c a p a c i t y  o f  o n l y  
about  3  kPa (12 i n  o f  H20). We can va ry  t h e  a i r  temperature w i t h i n  t h e  t u n -  
n e l  f r om  about  15 t o  65 " C  ( 60  t o  150 OF), b u t  any g i v e n  run  i s  done a t  i s o -  
the rma l  c o n d i t i o n s .  We w i l l  be t e s t i n g  ove r  t h e  v e l o c i t y  range 3.5 t o  35 m/sec 
(10  t o  100 f t / s e c ) .  The p ressure  g r a d i e n t  can be ad jus ted  anywhere f r om 
adverse t o  f avo rab le .  The t e s t  s e c t i o n  has a  c ross  s e c t i o n  15.5 cm h i g h  by 
69 cm wide b y  1.53 m  l ong  (6  i n  by  27 i n  by  5  f t ) .  The s t a t i c  p ressure  
d i s t r i b u t i o n  can be measured across t h e  e n t i r e  t e s t  su r face .  T h i r t y  t aps  a r e  
l o c a t e d  a long  t h e  c e n t e r l i n e  20 cm ( 8  i n )  on e i t h e r  s i d e  o f  cen te r ,  w i t h  a  
s l i g h t  c o n c e n t r a t i o n  a t  t h e  l e a d i n g  edge o f  t h e  p l a t e  ( f i g .  3 ) .  The t e s t  su r -  
face i s  a l s o  ins t rumented  w i t h  f lush-mounted h o t - f i l m  sensors, which a r e  used 
t o  d e t e c t  t h e  t r a n s i t i o n .  The h o t - f i l m  sensors a r e  concen t ra ted  a l ong  t h e  
c e n t e r l i n e ,  w i t h  a  few 15.5 cm ( 6  i n )  o f f  c e n t e r  ( f i g .  4 ) .  Most c e n t e r l i n e  
sensors a r e  spaced 5.1 cm ( 2  i n )  apa r t .  
A ma jo r  problem w i t h  t h i s  f a c i l i t y  has been t h e  f l o w  d i s t r i b u t i o n  a l ong  
t h e  t unne l  c ross  sec t i on .  Because o f  t h e  b lower  e x i t  geometry t h e r e  i s  a  h i g h  
degree o f  n o n u n i f o r m i t y  i n  t h e  f l o w  f i e l d .  F i gu re  5  shows con tou r  l i n e s  a t  t h e  
e x i t  o f  t h e  blower,  be fo re  t h e  f l o w - c o n d i t i o n i n g  box. Each l i n e  i s  a  l i n e  o f  
cons tan t  v e l o c i t y .  The goal  was a  v a r i a t i o n  f r om  t h e  mean v e l o c i t y  o f  no more 
t h a n  +2 percen t .  As shown, t h e  p a t t e r n  i s  ve r y  nonuni form a t  t h i s  l o c a t i o n .  
The f l o w - c o n d i t i o n i n g  box uses p e r f o r a t e d . p l a t e s ,  screens, b a f f l e s ,  and "soda 
s t raws"  t o  s t r a i g h t e n  o u t  t h e  f l o w .  A t  t h e  e x i t  t o  t h e  f l o w - c o n d i t i o n i n g  box 
( f i g .  6) ,  go ing  i n t o  t h e  c o n t r a c t i o n ,  t h e  f l o w  d i s t r i b u t i o n  i s  g r e a t l y  
improved. To ach ieve  va r i ous  l e v e l s  o f  tu rbu lence ,  f o u r  se t s  o f  g r i d s  
( t a b l e  I )  can be i n s e r t e d  i n t o  t h e  f l o w - c o n d i t i o n i n g  box, one a t  a  t ime .  The 
g r i d s  go f r om f i n e  ( 1 )  t o  coarse ( 4 ) .  The percentage o f  open area ranges f r om 
61 t o  65 pe rcen t .  Turbulence i n t e n s i t i e s  range f rom 0.46 pe rcen t  w i t h  no g r i d  
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t o  5.46 pe rcen t  w i t h  t h e  coarses t  g r i d .  Th i s  i s  f o r  a  f ree -s t ream v e l o c i t y  o f  
about  16.8 m/sec (55 f t / s e c ) .  
A cont inuous o s c i l l o s c o p e  t r a c e  o f  one sensor l o c a t e d  on t h e  c e n t e r l i n e  
about  45 cm (18  i n )  f rom t h e  l e a d i n g  edge ( f i g .  7 )  shows To l lm ien -Sch l i ch t i ng  
waves. The f ree-s t ream v e l o c i t y  i n  t h i s  case was 17.7 m/sec (58  f t / s e c ) .  The 
f requency o f  these  d is tu rbances  was about  225 Hz, which i s  i n  t h e  range o f  t h e  
T o l l m i e n - S c h l i c h t i n g  d is tu rbance .  Upstream sensors showed p u r e l y  l am ina r  f l o w  
w i t h  l owe r  ampl i tudes i n  t h e  d is tu rbance .  Downstream sensors showed h i g h e r  
amp l i tudes  and occas iona l  t u r b u l e n t  b u r s t s .  F i g u r e  8  shows t r a c e s  o f  sensors 
1, 2, 5, and 6, which a r e  consecu t i ve  a l ong  t h e  c e n t e r l i n e  o f  t h e  t e s t  s e c t i o n .  
A t u r b u l e n t  b u r s t  i s  j u s t  e n t e r i n g  upon sensor 1 .  It moves downstream and i s  
p i cked  up by t h e  o t h e r  sensors.  The b u r s t  en la rges  as i t  moves downstream. 
F i gu re  9  shows an o s c i l l o s c o p e  t r a c e  o f  sensor 1,  which i s  t h e  f i r s t  sensor on 
t h e  c e n t e r l i n e .  The o t h e r  t h r e e  t r a c e s  a r e  f o r  sensors 26, 27, and 28, which 
a r e  t h e  f i r s t  t h r e e  t o  t h e  l e f t  o f  t h e  c e n t e r l i n e .  A t u r b u l e n t  b u r s t  
approaches sensor 26, moves on t o  sensors 27 and 28, and breaks down i n t o  t u r -  
bulence. S ince t h e  t u rbu lence  does n o t  appear on sensor 1,  whatever i s  on 
sensor 1  does n o t  n e c e s s a r i l y  show up on sensor 26. 
The remainder of t h e  i n f o r m a t i o n  con ta ined  h e r e i n  i s  o n l y  q u a l i t a t i v e  and 
g i ves  an i dea  o f  t h e  t y p e  o f  da ta  we w i l l  be a b l e  t o  o b t a i n .  F i gu re  10  shows 
t h e  i n t e r m i t t e n c y  f a c t o r  as a  f u n c t i o n  o f  X, where i n t e r m i t t e n c y  i s  d e f i n e d  as 
t h e  f r a c t i o n  o f  t i m e  t h a t  t h e  f l o w  i s  t u r b u l e n t  a t  any g i v e n  l o c a t i o n .  For  an 
i n t e r m i t t e n c y  f a c t o r  of 1  t h e  f l o w  i s  f u l l y  t u r b u l e n t .  A t  t h e  lowes t  Reynolds 
number and X = 56 cm (21 i n ) ,  t h e  i n t e r m i t t e n c y  f a c t o r  i s  j u s t  beg inn ing  t o  
i nc rease  above t h e  zero ( l a m i n a r )  l e v e l .  As t h e  Reynolds number inc reases ,  
t h i s  i n i t i a l  i n c rease  i n  i n t e r m i t t e n c y  f a c t o r  moves upstream. There fo re  as t h e  
Reynolds number increases,  t h e  onset  o f  t r a n s i t i o n  occurs e a r l i e r .  F i gu re  11 
i s  a  p l o t  o f  t h e  rms f l u c t u a t i n g  o u t p u t  d i v i d e d  by t h e  r e l a t i v e  dc o u t p u t  as a  
f u n c t i o n  o f  X .  The y -ax is  v a r i a b l e  i s  a  q u a l i t a t i v e  r e p r e s e n t a t i o n  o f  t h e  
l e v e l  o f  t h e  f l u c t u a t i o n ;  i t  g i ves  t h e  s t a r t i n g  l o c a t i o n  and shows t h e  l e n g t h  
o f  t h e  t r a n s i t i o n  zone. The vo l t age  peaks w i t h i n  t h e  t r a n s i t i o n  r eg ion .  A t  
t h e  l owes t  Reynolds number, about 300 000, t h e  v o l t a g e  begins t o  i nc rease  a t  
X = 56 cm (21 i n )  b u t  has n o t  y e t  peaked. A t  a  Reynolds number o f  428 000, t h e  
v o l t a g e  has begun t o  p i c k  up, has peaked, and i s  d ropp ing  aga in  a t  X = 56 cm 
(21 i n ) .  A t  t h e  h i g h e s t  Reynolds number, 500 000, a t  X = 10  cm ( 4  i n ) ,  t h e  
f l u c t u a t i n g  v o l t a g e  s t a r t s  a t  a  h i g h e r  l e v e l ,  peaks, and then  drops o f f  and 
remains f a i r l y  cons tan t  a t  a  l e v e l  h i g h e r  t han  t h a t  b e f o r e  t h e  t r a n s i t i o n .  
F i g u r e  12 i s  a  p l o t  o f  i n t e r m i t t e n c y  f a c t o r  as a  f u n c t i o n  o f  X f o r  a  u n i t  
Reynolds number o f  1  500 000/m (490 0 0 0 / f t ) .  The p ressure  g r a d i e n t  K was 
v a r i e d  w i t h i n  t h e  t e s t  s e c t i o n  by changing t h e  p o s i t i o n  o f  t h e  l i d .  For  K  = 0  
t h e  i n t e r m i t t e n c y  i s  about  0.22 ( i . e . ,  t r a n s i t i o n  has a l r e a d y  s t a r t e d ) .  A t  
X = 31 cm (12 i n ) ,  t h e  f l o w  i s  f u l l y  t u r b u l e n t .  For  acce le ra ted  f l o w  ( i . e . ,  
p o s i t i v e  va lues o f  K ) ,  t r a n s i t i o n  i s  de layed downstream (e.g. ,  f o r  
K  = 13  .ax1 o - ~ )  . Fo r  dece le ra ted  f 1  ow (i . e. , n e g a t i v e  va lues o f  K) , t h e  
s t a r t i n g  p o i n t  o f  t h e  t r a n s i t i o n  moves upstream, and t h e  f l o w  becomes f u l l y  
t u r b u l e n t  a t  success i ve l y  e a r l i e r  l o c a t i o n s  on t h e  f l a t  p l a t e .  F i gu re  13 i s  a  
p l o t  o f  t h e  same da ta  w i t h  t h e  rms v o l t a g e  ove r  t h e  dc ou tpu t  as a  f u n c t i o n  o f  
X .  Again, f o r  K  = 0  t h e  f l o w  has a l r e a d y  s t a r t e d  i n t o  t r a n s i t i o n  a t  
X = 15.5 cm ( 6  i n )  s i nce  i t  has peaked and dropped o f f .  As K  becomes pos i -  
t i v e ,  t r a n s i t i o n  i s  delayed. As K becomes nega t i ve ,  t h e  s t a r t  o f  t r a n s i t i o n  
i s  pushed much f a r t h e r  upstream. The i n i t i a l  i n c rease  i n  t h e  f l u c t u a t i n g  
v o l t a g e  occurs  a t  success ive ly  sma l l e r  va lues o f  X as K  becomes i nc reas -  
i n g l y  nega t i ve .  
TABLE 1. - TURBULENCELEVELS OOHNSTREAM
OF CONTRACTION
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3rid Ratio of Open area, Turbulence
space to width percent percent
of bar, of total
X/Y area
O (a) lO0 0.46
1 0.69/0.19 62 .98
2 2.06/0.50 65 2.06
3 5.50/I.50 62 4.58
4 7.00/2.00 61 5.46
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Figure l. - Boundary-layerresearch.
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Figure 2. - Test facility.
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Figure 3. - Static pressure tap locations in boundary-layer transition tunnel.
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Figure 4. - Thin-film sensor locations in boundary-layer transition tunnel.
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Figure S. - Contour lines at blowerexit.
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Figure 6. - Contour llnes at exlt of flow-conditioning box.
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Figure7. - Traceof sensorlocated45.7on (18in)fromleadingedge.
Figure 8. - Traces of four sensors located along centerline.
Figure9. - Tracesof four sensorson and to leftof centerline.
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Figure 10. - Intermi ttency as function of  distance from leading edge. 
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Figure 11. - rms fluctuating output as function of  distance from leading edge. 
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Figure 12. - Intermi ttency as function of distance from leading edge for Re/x = 490 000. 
Figure 13. - rms fluctuati  
Distance from leading edge, x, i n  
ng output as function o f  distance from leading edge for Re/x = 490 
